Action selection requires choosing one of all the possible conflicting action plans that are available. There is currently a debate as to whether the dorsal medial frontal cortex (dMFC) merely detects or actively resolves response conflict. We used combined on-line transcranial magnetic stimulation and electroencephalographic recording (TMS-EEG) to test whether human dMFC plays a critical causal role in conflict resolution, and whether the mechanism for such a function is via interactions with primary motor cortex. In an Eriksen flanker task, subjects discriminated the direction of the centermost arrow in an array of five, responding with the left or right hand. The lateralized readiness potential (LRP), a measure of relative levels of activity in left and right motor cortices, was also recorded. Reaction times and error rates were higher on incongruent than congruent trials, and incongruent trials produced a positive LRP deflection reflecting initial partial activation of the incorrect response. On one-half of trials, repetitive TMS was applied to left dMFC starting 100 ms before visual stimulus onset and ending 100 ms afterward. TMS disrupted performance by selectively increasing error rates on contralateral (right hand) incongruent trials. TMS also only modulated the LRP on incongruent trials, causing an increased positive deflection (associated with preparation of the incorrect response) starting 180 ms after visual stimulus onset. TMS of a control site did not interfere with behavior or motor cortical activity. dMFC has a direct causal role in resolving conflict during action selection, and the mechanism involves the top-down modulation of primary motor cortical activity.
Introduction
Converging evidence suggests that human dorsal medial frontal cortex (dMFC), including presupplementary and supplementary motor areas (pre-SMA and SMA) and anterior cingulate cortex, may be specialized for processes involved in action selection, but its precise role and mechanism remain mysterious. Functional magnetic resonance imaging (fMRI) studies have implicated dMFC areas such as pre-SMA in higher-order motor selection during free selection of task sets and switching between action rules (Brass and von Cramon, 2002; Bunge et al., 2003; Forstmann et al., 2005; Crone et al., 2006a,c; Dosenbach et al., 2006) . Action selection in such tasks requires choosing one of all possible and conflicting action plans available. Although dMFC activity increases when there is conflict between actions, it is not clear whether it is critical for resolution of conflict, or only for monitoring conflict. According to some accounts (Posner and Petersen, 1990 ), dMFC exerts top-down down control over sensorimotor systems to influence which action is selected. It has, however, proved difficult to provide direct evidence of such topdown control; this requires demonstrating that dMFC manipulations alter sensorimotor area activity and that the impact is greatest in a particular cognitive state, the state of action conflict.
Activity in a region can be inferred to have a causal role in a task from microstimulation and TMS studies in macaques and humans, respectively. Whereas dMFC microstimulation tends to facilitate performance, particularly on conflict trials (Stuphorn and Schall, 2006; Isoda and Hikosaka, 2007) , TMS might be expected to disrupt performance. The activity induced by the TMS pulse is unlikely to correspond to a meaningful pattern and functions as interfering noise (Walsh and Rushworth, 1999; Walsh and Cowey, 2000) . As Isoda and Hikosaka (2007) explain, it is difficult to train monkeys on the same complex tasks that are used with human subjects. Moreover, it remains unclear from microstimulation studies whether dMFC exerts its effect on conflict trials via top-down modulation of other areas.
Here, we extend the interference approach into the human domain and test whether TMS can reveal an active causal role for dMFC in a flanker task used in many human neuroimaging ex-periments to manipulate conflict (Eriksen and Eriksen, 1974; Botvinick et al., 2004) . Second, this study also investigates the mechanism by which dMFC operates by deriving the lateralized readiness potential (LRP), an EEG measure of relative levels of activity in lateral motor cortex in each hemisphere when subjects choose between left-and right-hand responses (see Materials and Methods, Experiment 1: dMFC TMS, Analysis) (see Fig. 3 ) (Coles, 1989) . Normally, response selection is accompanied by a negative LRP, reflecting greater activation contralateral to the moved hand. When response conflict is high, however, a positive LRP deflection reflects activation contralateral to the undesired response. We reasoned that, if dMFC exerts its influence in conflict tasks via top-down control over lateral motor regions, then dMFC TMS should affect the LRP. The experiment therefore tests whether it is possible to demonstrate that two regions of human cortex show changes in functional connectivity that occur on a subsecond scale and that are dependent on cognitive state.
Materials and Methods

Experiment 1: dMFC TMS
Participants. Sixteen right-handed subjects (11 females; mean age, 25; range, 20 -36) participated in experiment 1. All subjects gave informed consent before participating in the study, which was approved by the Central Oxfordshire Research Ethics Committee (OxRec No. 05-Q1606-96) .
Task design. In an Eriksen flanker task (Eriksen and Eriksen, 1974) , subjects discriminated the direction of the centermost arrow (pointing to the left or right), presented in an array with four irrelevant distractor arrows, and responded as quickly as possible with the index finger of the corresponding left or right hand (Fig. 1) . The central arrow pointed in either the same [congruent (e.g., "ϽϽϽϽϽ")] or the opposite direction [incongruent (e.g., "ϾϾϽϾϾ")] to the distractors. This has been repeatedly shown to be an effective manipulation of conflict: behavioral performance, as indexed by slower reaction times (RTs) and more frequent errors, is worse on incongruent trials, reflecting the additional processing required to select the appropriate response in the context of the competing response elicited by the distracting flankers (Botvinick et al., 2004) .
Trials were divided into equal numbers of congruent and incongruent distractors, with TMS and without TMS, and in which the correct response was with the left or the right hand. There were no more than two consecutive TMS trials, but otherwise trial order was pseudorandomly determined (identical for all subjects). On each trial, the visual stimulus array of five arrows was flashed for 100 ms, preceded and followed by fixation crosses lasting 1000 ms each. A blank screen filled the intertrial interval, which was long (7900 -8900 ms) to satisfy safety considerations regarding the minimum intertrain and rate of TMS application (Jahanshahi et al., 1997; Wassermann, 1998) . Subjects were instructed to fixate and not to blink while stimuli were on the screen, and were trained on the task for either 5 min or until responses were accurate and consistent, whichever was the longest. Each arrow was 1°of visual angle wide, 1.7°t all, and the array was 5.3°wide. Subjects sat in a darkened booth 100 cm from the screen and wore earplugs (signal-to-noise ratio, 28). All stimuli were white and presented on a black background. A total of 400 trials was presented in four blocks of 100. EEG recording. EEG was recorded continuously (NuAmps digital amplifiers; Neuroscan, El Paso, TX) (low-pass filter direct current, 300 Hz; 1000 Hz sampling rate) from 30 scalp sites using Ag/AgCl electrodes mounted on an elastic cap (Easy Caps, Herrsching-Breithrunn, Germany) according to the 10 -20 international system. The montage included two midline sites (CZ, PZ), 14 sites over each hemisphere (F3/F4, FC3/FC4, FC5/FC6, C1/C2, C3/C4, C5/C6, CP1/CP2, CP3/CP4, CP5/ CP6, P3/P4, P5/P6, PO3/PO4, PO7/PO8, O1/O2), left and right mastoids, and two HEOG and two VEOG electrodes to monitor the electrooculogram (EOG) bipolarly. Additional electrodes were used as ground (FPZ-FZ) and reference (nose).
TMS. On one-half of trials, repetitive TMS was applied to left dMFC starting 100 ms before visual stimulus onset and ending 100 ms afterward (three pulses at 10 Hz and 110% motor threshold) using a figure 8 flat coil with an internal diameter of 7 cm (Magstim Rapid Machine, Whitland, Wales, UK). The dMFC TMS site was 5 mm lateral, to the left, of electrode position FCZ. Coil positioning was confirmed after the recording session by using the Brainsight frameless stereotaxy system (Brainsight, Magstim) for 5 subjects (Fig. 2a) . All lay in dMFC and in close proximity of one another in Montreal Neurological Institute (MNI) space close to the area usually described as the presupplementary motor area (mean, x ϭ Ϫ5, y ϭ 7, z ϭ 73). TMS parameters were all within the established safety guidelines and were approved by the Central Oxfordshire Research Ethics Committee (OxRec No. 05-Q1606-96) .
Analysis. The analysis compared TMS and no-TMS trials, but care was taken to focus only on those TMS and no-TMS trials that had themselves been preceded by a no-TMS trial. Sequential trial-to-trial changes in levels of conflict are known to occur in tasks such as the Eriksen flanker task (Gratton et al., 1988) . Conflict, as indexed by RT and error rate, is reduced on conflict trials that are preceded by a previous conflict trial in comparison with those conflict trials that are preceded by nonconflict trials. It is possible that TMS on the preceding trial could have augmented such effects but the potential confound was avoided by the exclusion of trials that had been preceded by a previous TMS trial, and any TMS effects were thus only attributable to the delivery of TMS on the current trial.
Event-related potentials (ERPs) were constructed off-line, using epochs starting 201 ms before visual stimulus onset and ending 400 ms Figure 1 . Task. Subjects discriminated the direction in which the central arrow was pointing (left or right) and responded with the corresponding hand (left or right, as appropriate). On TMS trials, stimulation was applied at Ϫ100, 0, and ϩ100 ms relative to onset of the arrow array.
afterward. Epochs were excluded if showing recording artifacts, if saccades or blinks occurred in the EOG, or if the subjects made errors [i.e., responses with the incorrect hand, early responses (Ͻ200 ms after visual stimulus onset), or late responses (Ͼ1200 ms)]. A minimum criterion of 20 trials per condition per subject was set to ensure high-quality ERP data (mean number of trials per subject per condition, 45). Data from two subjects were rejected because not enough trials survived artifact rejection. All epochs were normalized to a 100 ms baseline period from Ϫ201 to Ϫ101 ms relative to visual stimulus onset, ending 1 ms before the time of the first TMS pulse: in this ERP analysis, the event that the potentials should be related to is the onset of the TMS.
The LRP is time-locked to a stimulus that requires a response, and measures lateralized motor preparatory activity (Fig. 3) (Coles, 1989) . Following Coles (Coles, 1989; Coles et al., 1995) , it was calculated as follows: LRP ϭ [mean (C4 Ϫ C3) left-hand movement ϩ mean (C3 Ϫ C4) righthand movement]/2. C3 and C4 are the electrode positions above the left and the right lateral motor cortex. In other words, the EEG recorded over motor cortex contralateral to the moved hand (e.g., C4 is contralateral to the left hand) is refined by subtracting from it the waveform recorded simultaneously over the ipsilateral electrode (e.g., C3). This makes explicit the lateralized negativity that precedes a movement (Kornhuber and Deecke, 1965 ). An analogous subtraction is performed for data recorded on trials on which the right hand is moved, but now the waveform recorded at C4 is subtracted from the waveform at C3. The results of this subtraction for each hand are averaged together, not only to give a hemisphere-independent measure of motor preparation but also to subtract away any nonmotor asymmetrical activity. The output of this procedure therefore incorporates recordings made from both motor cortices, but it only includes activity that is both lateralized and that varies with the side of the to-be-executed movement (Fig. 3) . The LRP reflects predominantly activity in the primary motor cortices (Arezzo and Vaughan, 1975; Brunia, 1988; Requin et al., 1988) and is a measure of partial response activation (i.e., it reflects the currently planned response, even if that response is not eventually executed). This means that the initial preparation of an incorrect movement on an incongruent trial is apparent as a positivity in the LRP, although the initial (incorrect) plan is canceled and only the correct movement is performed. Because the LRP is a difference wave, rather than a standard single-condition eventrelated potential, it is particularly well suited as an index of M1 activity in a TMS experiment. Any effects of TMS unrelated to action selection are common to all the component waveforms from which it is composed and so they are cancelled out by the subtraction of one component from the other (Fig. 3) .
We examined how congruence and TMS affected motor preparatory activity by systematically averaging the amplitude of the LRP for each condition across 20 ms time bins from 120 to 400 ms after presentation of Figure 2 . a, Left dMFC TMS site. The circles represent the MNI coordinates at which TMS was applied over left dMFC in a subset of the subjects from experiment 1 (mean, x ϭ Ϫ5, y ϭ 7, z ϭ 73). The circles are superimposed over the brain of an example subject that had also been registered into MNI space. The site is just left of the midline and over tissue normally assigned to the pre-SMA. b, The circles represent the MNI coordinates at which TMS was applied over the control site in a subset of the subjects from experiment 2 (mean, x ϭ Ϫ6, y ϭ Ϫ81, z ϭ 52). show the event-related potentials recorded at the C3 and C4 electrodes over the left and right motor cortex (dotted and continuous lines, respectively) when left-hand (a) and right-hand (b) responses are made. As can be seen, there is a signal in the event-related potential recorded from each hemisphere and it is more negative (upward direction) over the motor cortex contralateral to the hand that moves. In the next stage (c, d), a difference wave is derived that reflects the difference in the signal recorded from the C3 and C4 electrodes (C4 Ϫ C3 for the left-hand movements in c; C3 Ϫ C4 for the right-hand movements in d). These two difference waves are then averaged to form the LRP (e). The LRP derivation removes any activity unrelated to the process of movement preparation that is not lateralized with respect to the moving hand (for example, the deviation in the signal labeled "x"). This figure was adapted from Coles (1989) . A negative LRP (deflection in the upward direction) indicates greater activation of the correct as opposed to the incorrect response representation.
the visual stimulus (this starts 20 ms after the last TMS pulse in each train). Although response execution may not be completed by 400 ms, subjects' RTs may exceed 400 ms, the response selection and preparation processes indexed by the LRP are normally complete by this time, and this was also true in the present experiment. Effects of congruence, TMS, and their interaction were tested for with a repeated-measures ANOVA. To correct for multiple comparisons, main effects were only considered as significantly different if lasting for at least two consecutive time bins.
Interactions were only considered significant if occurring at the same time as such consecutive main effects, or if lasting for two consecutive time bins themselves. Repeated-measure ANOVAs were also used to examine behavioral measures including RTs and errors. Three two-level factors were considered: congruence (congruent or incongruent), TMS (TMS trial or no-TMS trial), and hand (trials in which the correct response was to be made with the right hand or the left hand).
Experiment 2: control-site TMS
The results of experiment 1 demonstrated that the TMS had a specific effect inasmuch as it disrupted performance on the incongruent conflict trials but not on the congruent trials. It is, however, important to demonstrate not just that TMS effects are specific to a particular cognitive task, or a particular type of trial within a cognitive task, but it is also necessary to show that the effect of the TMS is specific to a particular region of cortex. If, however, the effect of the dMFC TMS is only a consequence of any visual or tactile sensation associated with the TMS, then a similar effect on the LRP would be expected after TMS to a control site.
Participants. Sixteen right-handed subjects (nine females; mean age, 25; range, 18 -27) participated in the separate control site experiment, designed to rule out any possible confounds from acoustic or somatosensory TMS-related artifacts. Two of the subjects had previously participated in experiment 1.
EEG recording. The electrode montage used was the same apart from electrode CPZ replacing PZ and electrode OZ replacing PO3, to accommodate the TMS coil. As in the active site, data from two subjects were rejected because not enough trials survived artifact rejection, and the mean number of trials subject per condition was the same (45).
TMS. TMS was delivered over a control site 5 mm lateral, to the left, of electrode position PZ-POZ, overlying parieto-occipital cortex. In a subset of eight subjects, Brainsight frameless stereotactic registrations of individuals' structural MRIs into standard space (Fig. 2b) verified that the control sites clustered tightly in parieto-occipital cortex (mean, x ϭ Ϫ6, y ϭ Ϫ81, z ϭ 52). The position adjacent to PZ-POZ was chosen as the control site for three reasons. First, it was approximately the same distance from the critical C3 and C4 electrode positions as was the dMFC position adjacent to FCZ. Second, it meant that TMS in both the control and dMFC conditions was targeted 5 mm to the left of the midline. Third, it meant that TMS was applied over a region that has not been associated with the mediation of response conflict. Blood oxygenation leveldependent (BOLD) signal changes have been recorded in the parietal cortex during the performance of tasks involving a high degree of response conflict, but only at more anterior locations Liston et al., 2006) .
Task design and analysis. All aspects of the task design and analysis were the same as in experiment 1.
Results
Experiment 1: dMFC TMS EEG
The effect of congruence on motor preparation was evident in the EEG (Fig. 4) . Congruence significantly modulated the LRPs between 220 and 360 ms (F (1,13) values Ն7.062; p values Ͻ0.05). The key result is that TMS also modulated this congruence effect from 180 to 220 and 260 to 280 ms (interaction of TMS and congruence; F (1,13) values Ն6.243; p values Ͻ0.05) with an additional marginal interaction during the 280 -300 ms time bin (F (1,13) ϭ 3.866; p ϭ 0.07). Additional analysis showed that the interaction was primarily attributable to the significant difference . The effect of dMFC TMS on the LRP. a, On no-TMS congruent trials (black), there was a clear negative deflection in the LRP, indicative of the preparation of correct responses, peaking at ϳ300 ms. On incongruent trials (gray), the waveform was, instead, displaced in the positive direction, associated with the preparation of the wrong response. The negative deflection associated with the correct response was delayed. b, When dMFC TMS was applied, there was a significant increase in the difference between the waveforms recorded on congruent and incongruent trials starting at 180 ms. This was attributable to dMFC TMS causing a positive deflection in the LRP on incongruent trials. Negative is plotted upward for the LRP.
in the incongruence waveform on TMS and no-TMS trials from 180 to 220 and 260 to 280 ms (t (13) values Ն1.80; p Ͻ0.05; onetailed test), whereas TMS-induced differences did not approach significance in the congruent condition (t (13) values Յ0.730; p Ͼ 0.24; one-tailed test). TMS therefore had a differential effect on the motor preparatory activity indexed by the LRP, depending on the task condition, only modulating the LRP on incongruent trials (Fig. 4) . Because negativity is associated with preparation of the correct response, the positive (downward) shift of the incongruent waveform by TMS is consistent with a greater activation of the incorrect response associated with the flanking distractor stimuli on incongruent trials. We also found that the difference between the congruent and incongruent waveforms lasted longer after dMFC TMS than on no-TMS trials. In the absence of TMS, the incongruent waveform was significantly different from the congruent waveform for ϳ60 ms between the 280 and 320 ms time bins (t Ͼ 3.5; df ϭ 13; p Ͻ 0.05). When dMFC TMS was applied the period of significant difference extended over 160 ms between the 200 and 340 ms time bins (t Ͼ 3.1; df ϭ 13; p Ͻ0.05).
All the analyses, including those just described, focused on only those trials preceded by a previous no-TMS trial to rule out any possible confounding influence of TMS from a previous trial. To further corroborate our conclusions, we also performed an additional analysis that focused only on those trials, both TMS and no-TMS, that had been preceded by a no-TMS congruent trial. Gratton et al. (1988) have shown that additional control is exerted over response selection processes on trials that follow previous conflict trials. The role of the lateral prefrontal cortex in exerting such across-trial long-latency control has been emphasized (Botvinick et al., 2004) . If, however, the dMFC has a shortlatency within-trial influence on response selection even on the first conflict trial encountered, then dMFC TMS should also increase the LRP difference for congruent-incongruent trials that follow previous congruent trials. We examined data pooled from the time bins 180 -220 and 260 -300, because it was in these time bins that there were interactions between congruence and TMS in the original data set. Both sets of time bins continued to show interactions between congruence and TMS as before (F (1,13) values Ͼ5.1; p values Ͻ0.05) (Fig. 5) .
Hand-specific ERP effects of dMFC TMS
Because the dMFC was applied over the left hemisphere, an analysis was also conducted to test whether there were any lateralized effects on ERP components related to response selection; if the dMFC is concerned with the resolution of response conflict instead or in addition to conflict detection, then it might be expected that ERPs on right-hand response selection trials would be most affected by the dMFC TMS. Rather than examining the LRP, which reflects processes related to the selection of both right and left responses, this analysis focused on the difference between the congruent and incongruent ERPs recorded at the left-and right-hemisphere electrodes C3 and C4 separately, and comparing left-and right-hand response trials. Congruence again reliably modulated the ERPs starting from 340 ms until the end of the epoch at 400 ms (F (1,13) values Ն10.9; p values Ͻ0.05). There was also a main effect of hemisphere (320 -400 ms) (F (1,13 . dMFC TMS effects on the LRP on trials preceded by congruent no-TMS trials. a, On no-TMS trials, the congruence effect was maintained even when only looking at that subset of trials after congruent trials. b, After TMS, the congruence effect was still increased and this effect was still limited to the incongruent trials.
words, left dMFC TMS modulated the congruency effect on right-hand response selection-related ERPs, but it did not modulate the congruency effect on left-hand trials (Fig. 6 ) Such a hand-specific effect provides additional support for a role of dMFC in conflict resolution rather than just conflict detection. There was no effect of hemisphere for right-hand responses [i.e., we did not find evidence here that either one of the correct (left hemisphere) or incorrect (right hemisphere) motor plans were being disrupted more than the other].
Behavioral results
The primary aim of the current experiment was to examine the physiological impact of dMFC TMS rather than its behavioral impact. Previous dMFC TMS studies that have reported behavioral effects have often used trains of at least five pulses rather than the three pulse train used here (Hadland et al., 2001; Rushworth et al., 2002; Kennerley et al., 2004) . Nevertheless, it was noted that target and distractor congruence had a significant impact on response selection (Fig. 7a) : although accuracy was high (Ͼ90%), congruence effects were apparent on error rates (Fig.  7b) , with more errors on incongruent (9%) than on congruent (1%) trials (main effect of congruence; F (1,13) ϭ 27.6; p Ͻ 0.001). There was a three-way interaction between congruence, hand, and TMS (F (1,13) ϭ 6.7; p Ͻ 0.05): delivery of TMS over the left dMFC interacted with the congruence effect (incongruent minus congruent error rates) on trials requiring the contralateral righthand response (TMS, 9.1%; no-TMS, 3.0%; t ϭ Ϫ3.4; p Ͻ 0.01) but not the ipsilateral left-hand response (t ϭ 0.09; p ϭ 0.9). It was noted, however, that subjects appeared to find incongruent trials that required a left-hand response more difficult than those requiring a right-hand response (t (13) ϭ 3.458; p Ͻ 0.05; onetailed t test). We therefore compared the error rates on incongruent trials with and without TMS. There was a significant increase in error rates on right-hand response incongruent trials when Figure 6 . Hand-specific effects. a, Example ERP data (without LRP derivation; negative plotted downward) recorded from electrode C3 on no-TMS right-hand response trials showing divergence of congruent (black) and incongruent (gray) waveforms from 340 ms. b, The congruence effect (incongruent minus congruent between 340 and 400 ms) is plotted separately for left-and right-hand response trials (left and right of figure) and separately for the hemisphere ipsilateral (ipsi) and contralateral (contra) to the response hand. dMFC TMS specifically increased the congruence effect on right-hand trials regardless of hemisphere. Error bars indicate SEM. Figure 7 . dMFC behavioral results. Column heights indicate group mean RTs, and error bars indicate the SE of the estimate of means. RTs were longer (a) and errors were more common (b) on incongruent than on congruent trials. There was a significant interaction between the effect of dMFC TMS, hand, and congruence on error rates. There was a significant difference between dMFC TMS and no-TMS error rates only on right-hand response incongruent trials.
TMS was delivered (TMS, 9.3%; no-TMS, 4.2%; t ϭ Ϫ2.7; p Ͻ 0.05), but there was no similar effect on left incongruent trials nor on left or right congruent trials (all p values Ͼ0.2).
Congruence effects were also apparent in the RTs that were markedly slower on incongruent trials than on congruent trials (main effect of congruence; F (1,13) ϭ 117.3; p Ͻ 0.001). Again, a difference between trials performed with the two hands was noted; subjects were slower on right-hand response trials than on left-hand response trials (main effect of hand; F (1,13) ϭ 6.3; p Ͻ 0.05) and were faster, in general, on TMS trials than no-TMS trials (main effect of TMS; F (1,13) ϭ 9.2; p Ͻ 0.01). This may be attributable to the general alerting effect of TMS (Marzi et al., 1998) .
A between-subject correlation analysis was also conducted to test for any relationship between the impact that the dMFC TMS had on behavior and on the LRP (Fig. 8) . The impact of dMFC TMS on the LRP was indexed using the main effect of our study, the size of the difference between congruent and incongruent waveforms after TMS compared with without TMS (TMS incongruent-congruent Ϫ no-TMS incongruent-congruent ). The LRP amplitudes were measured at the peak difference between TMS congruent and incongruent waveforms, indicated with an arrow in Figure 4 (340 ms). The effect of dMFC TMS on behavior was measured using the identical comparison (TMS incongruent-congruent Ϫ no-TMS incongruent-congruent ) but using RT data rather than LRP amplitudes. A significant correlation was found between the effect of dMFC TMS on the LRP and on RT (Pearson's r ϭ 0.57; N ϭ 14; p Ͻ 0.05). A nonparametric correlation confirmed that the correlation was robust and could not be attributed to any single outlier (Spearman's r ϭ 0.61; N ϭ 14; p Ͻ 0.05). Subjects in whom the TMS caused the greatest increase in the congruence effect as evident in the LRP also showed the greatest increase in the corresponding congruence effect measured with RTs (Fig. 8) .
Experiment 2: control-site TMS EEG recording
Congruence modulated the LRP from 200 to 340 ms (F (1,13) values Ն4.761; p values Ͻ0.05), following the same pattern as experiment 1. Unlike in experiment 1, however, control-site TMS did not modulate this congruence effect: although there was a slight deviation in both congruent and incongruent waveforms that resulted in a main effect of TMS from 280 to 400 ms (F (1,13) values Ն4.838; p values Ͻ0.05), there was no interaction between TMS and congruence in any time bins (Fig. 9) . In addition, additional tests showed that, unlike the case with dMFC TMS, control TMS did not induce any difference in the incongruent waveform (all p values Ͼ0.2; one-tailed test) (Fig. 10) .
Another analysis focused just on those trials that had been preceded by a previous congruent trial but once again found no effects reaching significance after control site TMS (F (1,13) values Ͻ0.3; p values Ͼ0.6).
Additionally, we compared the TMS-induced effects on incongruent trials in experiments 1 and 2. dMFC TMS caused a significantly greater deflection on incongruent trials than did control TMS on most time bins between 180 and 360 ms (200 -240 ms, 260 -300 ms, and at 340 ms; all t values Ն2.06; p values Ͻ0.05) with additional marginal effects in three intervening time bins (180, 240, and 320 ms; t (24) values Ն2.1; p values Յ0.089).
There were also no significant hand specific effects reminiscent of those seen in the dMFC TMS experiment (Fig. 6 ). There were no interactions between TMS, hemisphere, and congruence apparent for either left-hand or right-hand responses in any time bins (F (1,13) values Յ1.9; p values Ͼ0.19) (Fig. 11) when the C3 and C4 ERP signals were compared for left-and right-hand responses on congruent and incongruent trials.
Behavioral results and EEG-behavior correlations
As in the dMFC TMS experiment, the incongruence-congruence manipulation affected performance, with subjects making more errors on incongruent trials (main effect of congruence; F (1,14) ϭ 38.0; p Ͻ0.0001) (Fig. 12) . Unlike dMFC TMS, however, the control site TMS exerted no significant effect on behavior.
Both the dMFC TMS site and the control site were 0.5 cm from the midline and situated over the left hemisphere. Any effect of the control site TMS was therefore expected to be maximal in the contralateral hand just as had been the case for the dMFC TMS. A comparison of the effect of left dMFC TMS and control site TMS on right-hand responses demonstrated a significant interaction of TMS, site, and congruence (F (26) ϭ 11.0; p Ͻ0.05). The TMS-induced change in errors was significantly greater when TMS was applied over dMFC as opposed to the control site (t ϭ 3.0; df ϭ 26; p Ͻ0.05). There was no effect of TMS on congruent trials in either dMFC or control site TMS experiments (all p values Ն0.24).
RTs were slower on incongruent than congruent trials (main effect of congruence; F (1,14) ϭ 53.5; p Ͻ0.001) and faster on TMS than no-TMS trials (F (1,14) ϭ 8.8; p Ͻ0.05). There was also a trend toward a main effect of hand, with worse performance on righthand response trials (F (1,14) ϭ 3.0; p ϭ 0.105), but there were no interactions between hand and congruence.
Finally, we examined the relationship between the control site TMS-induced behavioral and electrophysiological effects. Unlike in the case of dMFC TMS, additional analyses were unable to find any correlation between the effect of control-site TMS on behavior, as indexed by RT, and LRPs (Spearman's r ϭ 0.26; n ϭ 14; p ϭ 0.4). Positive correlation between dMFC TMS effects on behavior, as indexed by RT and the LRP. The effect of dMFC TMS on conflict resolution was calculated for both behavior and the LRP as TMS incongruent-congruent Ϫ no-TMS incongruent-congruent . Subjects who showed the strongest effects of dMFC TMS on the behavioral measure of conflict also showed the strongest effects on the LRP measure of conflict.
In summary, the influence of factors such as congruence and hand were similar to the effects recorded in experiment 1 in which TMS was applied to the dMFC site. In experiment 2, however, control site TMS exerted no significant effect on behavior (Fig. 12) .
Discussion
dMFC TMS interfered with the normal modulation of motor cortical activity by conflict in a flanker task (Eriksen and Eriksen, 1974) , shifting the LRP on incongruent trials in the positive direction, associated with preparation of the incorrect response (Fig. 4) . There was a positive correlation between the effect of dMFC TMS on LRP measures of conflict, which reflect processes related to both left-and right-hand response selection, and on RT measures of conflict averaged across hands (Fig. 8) . The dMFC TMS was applied over the left hemisphere (Fig. 2a) and particularly affected conflict-related ERP differences for contralateral right-hand responses (Fig. 6) . Error rates were also only significantly increased on right-hand incongruent trials (Fig. 7) . No similar behavioral (Fig. 12) or ERP effects were seen with control TMS (Fig. 9) . Our results indicate that one mechanism by which . Control TMS hand-specific effects. After control TMS, there was no evidence of modulation of the congruence effect as had been found with dMFC TMS (Fig. 6) . Error bars indicate SEM. ipsi, Ipsilateral; contra, contralateral.
dMFC resolves response conflict is by modulating primary motor cortical activity.
dMFC TMS has a short-latency within-trial effect on response selection in motor cortex. It has previously been emphasized that dMFC detects conflict and then instructs other brain structures to exert greater control over response selection on subsequent trials (Botvinick et al., 2004; Rushworth et al., 2004) . Rather than directly test this hypothesis, we tested whether the dMFC, in addition or instead, has a short-latency role in actively resolving response conflict within the same single trial that first engenders conflict. The significant impact of dMFC TMS was still apparent even when comparing just those trials preceded by a congruent trial (Fig. 5) .
Microstimulation of dMFC, in the supplementary eye field (Stuphorn and Schall, 2005) or pre-SMA (Isoda and Hikosaka, 2007) , affects tasks requiring the inhibition of a planned saccade to execute an alternative saccade. We extend this work by investigating human dMFC during the Eriksen flanker paradigm, which has been explored in previous human neuroimaging studies (Botvinick et al., 2004; Rushworth et al., 2004) . It might be argued that the conflict occurring in monkey studies is not representative of human neuroimaging studies because there is no simultaneous exposure to stimuli instructing multiple actions, but the present results confirm the importance of dMFC for within-trial conflict resolution. The hand-specific effects seen here are also consistent with the lateralized effects of microstimulation on conflict and with the emphasis such studies have placed on the executive role of dMFC in the resolution, rather than just the detection, of conflict.
The LRP effects illuminate the mechanism by which dMFC functions, because the LRP measures activity in lateral motor cortex, particularly primary motor cortex (M1) (Arezzo and Vaughan, 1975; Brunia, 1988; Requin et al., 1988; Coles, 1989) . A negative LRP deflection reflects preparation of the correct movement, whereas a positive deflection demonstrates that a plan for the incorrect movement has been partially activated within the M1 controlling the inappropriate hand (Fig.  3) . The time at which dMFC TMS modulated the LRP included the time at which congruence normally modulates the LRP: TMS affected the LRP congruence effect from 180 ms after visual stimulus onset, well before movement execution, until 300 ms. The dMFC TMS-induced positive LRP deflection on incongruent trials is therefore consistent with the concomitant behavioral impairment. The incongruent flanker stimuli activated plans for both correct and incorrect movements, and to effectively resolve this conflict the dMFC appears to normally enhance the signal representing the correct movement in M1. dMFC TMS disrupts this normal top-down modulatory function and so the conflict is unresolved for longer, leading to prolonged motor cortical preparatory activity corresponding to each of the alternative responses (Figs. 4,  6 ) and an increased likelihood of slow responding and errors (Figs. 7, 8) .
Although the dMFC TMS induced a short-latency modulation in motor activity, this probably occurred by an indirect anatomical route. The dMFC TMS was centered over pre-SMA (Fig. 2a) . Although spread of induced current to adjacent brain areas is possible, studies using a similar coil have reported an effective resolution of approximately a centimeter Walsh and Cowey, 2000) and the effect of dMFC TMS can be distinguished from that of adjacent dorsal premotor cortex (Rushworth et al., 2002; Kennerley et al., 2004b) . Although pre-SMA is not directly interconnected with M1 or spinal cord (Luppino et al., 1993; He et al., 1995) , it contains neurons that respond when hand movements are made (Fuji et al., 2001) and it is interconnected with M1 through a multisynaptic pathway (Miyachi et al., 2005) . It is realistic to assume that dMFC TMS could impact on M1 activity via a multisynaptic pathway. For example, the application of cerebellar TMS conditioning pulses can influence the response of M1 to a test TMS pulse (Werhahn et al., 1996) . The importance of subcortical areas in mediating the influence of dMFC TMS on M1 cannot be ruled out, and there has been interest in the role of the subthalamic nucleus and opercular frontal regions in inhibiting movements . Previous work emphasizing a role for dMFC in conflict detection (Botvinick et al., 2004) has suggested that conflict resolution occurs via lateral prefrontal regions that then exert greater control over response selection on the next trial. With the limited electrode montage in the present experiment, it was not possible to test whether lateral prefrontal regions also mediated short-latency within-trial conflict resolution, but neuroimaging experiments have not emphasized their activation when the first high-conflict trial is encountered (Botvinick et al., 2004) .
The control TMS and dMFC TMS sites were identical distances from the midline, equating for any lateralized TMSrelated somatosensory or acoustic artifacts on EEG or behavior. The control site lay over a region of parieto-occipital cortex medial and posterior to parietal regions recruited by conflict and task-switching manipulations Braver et al., 2003; Liston et al., 2006) . Although control TMS did not disrupt modulation of the LRP by congruence, there was a deflection of both congruent and incongruent baseline waveforms in the negative direction, associated with performance of the correct response. This may be attributable to the alerting somatosensory and acoustic artifacts associated with TMS (Marzi et al., 1998) , because there was also a slight, but nonsignificant, behavioral improvement with control TMS.
dMFC may facilitate the representation of one action in the motor cortex at the expense of alternatives. The modulating in- fluence of dMFC over motor cortex reported here may also underlie dMFC involvement in other studies. For example, previous neuroimaging (Deiber et al., 1991; Frith et al., 1991; Lau et al., 2004; Nachev et al., 2005) , lesion (Thaler et al., 1995) , and TMS (Hadland et al., 2001 ) reports have emphasized dMFC activity during "free selection" tasks in which the agent must choose between all currently relevant and competing action plans in the absence of any instruction. A similar process may occur during task switching and when switching between action sequence subroutines or "chunks" when dMFC is also known to be important (Shima et al., 1996; Nakamura et al., 1998; Brass and von Cramon, 2002; Rushworth et al., 2002; Husain et al., 2003; Kennerley et al., 2004; Bunge et al., 2005; Forstmann et al., 2005; Crone et al., 2006a,b) .
The resolution of response conflict may depend on a mechanism that is also needed when selecting between responses in other situations. The dMFC may be part of the response bottleneck that ensures that only a single response is selected at any time (Dux et al., 2006) . Effects of dMFC TMS similar to those reported here might be attainable in a broad range of action selection paradigms.
Although the possibility of top-down control of one area by another has received considerable interest, it has proved difficult to investigate empirically in the human brain. Sakai and colleagues (Sakai et al., 2002; Sakai and Passingham, 2003) have examined correlations in the fMRI BOLD signal and shown that changes between prefrontal and other areas occur that lead to the facilitation of task-relevant representations. The present study complements such approaches by demonstrating the causal impact of a manipulation of the activity of one area on the activity recorded from a second area. It has previously been shown that TMS affects activity recorded from electrodes adjacent to the site of stimulation and from remote brain regions even in the context of a behavioral task (Fuggetta et al., 2006; Taylor et al., 2007) , but this is the first instance of combined stimulation-recording to demonstrate changes in functional connectivity between two regions of human cortex on a subsecond timescale that are specific to a particular cognitive state (incongruent trials). The approach complements demonstrations that interregional interactions, as assessed by the application of paired TMS pulses, occur during specific, brief time periods with a duration of several tens of milliseconds (Koch et al., 2006; Silvanto et al., 2006) . Measuring the time course of the consequences of interference at areas distal to the stimulation site provides a means with which to extend current knowledge of brain function and to start to assemble a systems view of how brain areas interact to contribute to cognitive function.
